This study presents a noncontact sensing technique with ultrasonic wave propagation imaging algorithm, for damage visualization of liquid-immersed structures. An aluminum plate specimen (400 mm × 400 mm × 3 mm) with a 12 mm slit was immersed in water and in glycerin. A 532 nm Q-switched continuous wave laser is used at an energy level of 1.2 mJ to scan an area of 100 mm × 100 mm. A laser Doppler vibrometer is used as a noncontact ultrasonic sensor, which measures guided wave displacement at a fixed point. The tests are performed with two different cases of specimen: without water and filled with water and with glycerin. Lamb wave dispersion curves for the respective cases are calculated, to investigate the velocity-frequency relationship of each wave mode. Experimental propagation velocities of Lamb waves for different cases are compared with the theoretical dispersion curves. This study shows that the dispersion and attenuation of the Lamb wave is affected by the surrounding liquid, and the comparative experimental results are presented to verify it. In addition, it is demonstrated that the developed fully noncontact ultrasonic propagation imaging system is capable of damage sizing in submerged structures.
Introduction
Lamb waves are useful for the detection of damages in thin sheet materials and tubular properties. Extensive developments in the application of the Lamb wave provide a foundation for the inspection of many products in the aerospace, pipe, pipeline, and transportation industries. Lamb waves are composed of a combination of two fundamental modes: symmetric and antisymmetric. For each of these modes, their velocity (phase or group) of Lamb waves varies with frequency; in other words, they are all dispersive. And, their energy is spread in time and space as it propagates. Hence, as the distance increases, the signal duration increases and the peak amplitude decreases. Also, attenuation is of concern in specimens immersed in liquid, because of leaky Lamb waves. For example, when guided Lamb waves are propagating in a plate that is placed in vacuum or in air, both plate surfaces are considered to be untrammeled. But, if one or both of the surfaces are in contact with liquid, the guided plate waves become leaky Lamb waves, because the energy of the wave leaks to the adjacent liquid.
Ultrasonic waves are increasingly being investigated for nondestructive evaluation (NDE) and structural health management (SHM) of engineering systems, because they can propagate over long distances and cover relatively large areas of thin plates. They can travel comparatively large distances with little attenuation and offer the advantage of exploiting one or more of the phenomena associated with transmission, reflection, scattering, and mode conversion. A few studies have been reported concerning the use of ultrasonic waves for underwater structures.
Na and Kundu [1] investigated the feasibility of flexural cylindrical guided waves for inspecting the mechanical defects of underwater pipes, using a transducer holder and its coupling mechanism. Mijarez et al. [2] developed a system composed of a waterproof transmitter and a seawateractivated battery package, to monitor the tubular crossbeam members used in offshore steel structures. Chen et Geometry of a three-layer flat plate system showing the partial waves in each layer (L+−, SV+−, and SH+−) that combine to produce a guided wave [7] .
al. [3] proposed a damage identification approach capitalizing on the fundamental asymmetric Lamb wave. Aristégui et al. [4] presented wave propagation characteristics of pipes with fluid loading on both inside and outside of the pipe, which was affected by viscosity of the media. A noncontact approach was also used for the generation and detection of Lamb waves, because of the circumstance of the target to be inspected. Rizzo et al. [5] presented a SHM technique using a hybrid laser/immersion transducer system for the detection of damage in submerged structures. Xu et al. [6] presented a comparison between theoretical predictions and experimental results, to consistently reveal the propagation properties of Lamb waves on a specimen that was in contact with different liquids on both of its surfaces, using laser generation and laser Doppler vibrometer (LDV) sensing.
In this paper, variation of certain mode is analyzed, to evaluate the size and shape of the damage for a test specimen in different boundary conditions: free plate and immersed plate with liquid. A laser ultrasonic propagation imaging (UPI) system capable of fully noncontact inspection of immersed structures is developed, through the modification of the sensor-contact UPI system, based on piezoelectric sensing. In addition, this study visualizes that the Lamb wave propagation characteristics, such as dispersion and attenuation, are affected by liquid and comparative experimental results are presented to verify it.
Lamb Waves Propagation in
Immersed Thin Plates
Lamb Waves.
A wave mode is defined as the manner of particle movement during wave propagation. In a solid material, particles can oscillate in four primary modes: longitudinal waves, shear transverse waves, surface waves, and plate waves in thin materials. These waves occur as a result of the elastic deformation of material. Lamb waves are complex vibration waves that propagate parallel to the specimen surface. Propagation of Lamb waves depends on the density and the elastic material properties of a component. They are also affected by the test frequency and thickness of structure. Lamb waves can be generated in a plate with free boundaries, with an infinite number of modes, for both symmetric and antisymmetric displacements within the layer. It is stipulated that the symbols and ( = 0, 1, . . .) stand for the symmetric and antisymmetric modes, respectively, and the subscript implies the order of the mode. Symmetric Lamb waves move in a symmetric fashion about the median plane of the plate. Wave motion in the symmetrical mode is most efficiently produced when the exciting force is parallel to the plate. The antisymmetric Lamb wave mode is often called the "flexural mode" because a large portion of the motion moves in a normal direction to the plate, and a little motion occurs in the direction parallel to the plate. In the laser pulse excitation used in this paper, the magnitude of modes (in-plane motion) is normally smaller than that of modes. 
Wave Propagation with Attenuation in Submerged Plates.
When a plate is submerged in an infinite liquid, the Lamb wave propagation energy will be leaked into the liquid. This wave is called a leaky Lamb wave. For example, when a plate is immersed in a liquid, such as water or glycerin, symmetric modes will mostly be retained in the plate, because it is difficult for in-plane particle motion to cross the plate-liquid interface. However, as the antisymmetric modes mostly have out-of-plane displacements, they will leak into the fluid. The leaky Lamb waves behave differently from Lamb waves in free solid. For instance, the dispersion equations associated with the first antisymmetric mode ( 0 ) show a large discrepancy between the free solid and fluid-coupled solid [8] .
In this research, the sample geometry of a three-layer flat and thin plate system was considered, as shown in Figure 1 . According to [7] , the partial waves are assembled by matching the boundary conditions at each layer. At a certain frequency, wave number, and attenuation combination, these partial waves combine to form a guided Lamb wave, which propagates down to the longitudinal direction. Here, L+−, SV+−, and SH+− stand for longitudinal waves, shear vertical waves, and shear horizontal waves, respectively. In addition, + denotes the downward direction and the − denotes the upward direction of the plate case. We did not consider the SH+− waves, because they were difficult to generate by laser excitation.
Dispersion Curves in Different Boundary Conditions.
If the plate is surrounded by liquid or solid, wave attenuation also occurs due to the leakage of bulk waves into the medium surrounding the waveguide. In this study, to investigate the acoustic properties of the leaky Lamb wave, dispersion curves for a 3 mm thick aluminum plate in three different cases were calculated; free plate and immersed plate in water and in glycerin, as presented in Figure 2 . In an aluminum plate immersed in water or glycerin, the 0 mode disappeared, and its energy was converted to Scholte wave below about 100 kHz. Group velocity of the 0 mode became slower than that in the free aluminum plate. The Scholte wave is an interface wave between a liquid medium and a solid medium and decreases exponentially away from the surface, into the liquid medium [9] .
Noncontact Laser Inspection of Immersed Plates

Ultrasonic Propagation Imaging System for Submerged
Structural Inspection. A photo and schematic of the ultrasonic propagation imaging (UPI) system to inspect submerged structures are shown in Figures 3(a) and 3(b) . The system was constructed with a laser Doppler vibrometer (LDV), in-line signal conditioner with filters and amplifiers, a personal computer (PC) with a data acquisition and signal processing platform, and a Q-switched solid-state diode pumped laser (QL). The laser pulses were generated by Qswitching technique in QL, at a pulse repetition rate of 200 Hz. The laser beam with a wavelength of 532 nm and energy of 1.2 mJ was directed to a laser mirror system (LMS). The laser beam was reflected toward the target specimen by a pair of laser mirrors in the LMS. As shown in Figure 3(c) , an aluminum plate (400 mm × 400 mm ×3 mm) with a 12 mm long and 2 mm deep artificial crack in the opposite surface was used as the specimen. The scanning area and interval were 100 mm × 100 mm and 0.5 mm, respectively and thus it took 202 seconds to scan the area. The 633 nm sensing laser beam of the LDV was impinged at a point 10 mm above the square scanning area. The typical reflection film was not used on the plate surface.
Ultrasonic sensing using the LDV is based on the detection of the Doppler shift of the laser light. The Doppler shift refers to the frequency shift of the light that is reflected back from the vibrating object to the source. The signal processing platform visualizes the wave propagation in the immersed specimen, using the basic ultrasonic wave propagation imaging (UWPI) algorithm. The UWPI is a visualization technology of propagation for in-plane guided wave or through-thethickness wave, in the time or frequency domain, based on 3D data processing [10] .
In the experiments, when the laser beam impinged the surface of the immersed target specimen, an ultrasonic wave was created at the affected point. The wave was propagated over the specimen and reached the LDV. The time domain ultrasonic wave measured by the LDV was amplified and band-pass filtered between 40 kHz and 140 kHz and then stored in the PC. The experimental case studies were performed with three different cases: free plate and immersed plate in water and in glycerin, as shown in Figure 4. 
Ultrasonic Wave Propagation Imaging in Submerged
Plates. The proposed system for submerged structural inspection was able to generate UWPI video clips within 1 s after scanning. Figure 5 shows the freeze-frame at 53.5 s extracted from the video clip, as the UWPI result in the free plate. On the other hand, Figures 6 and 7 show the freeze-frames at 61 s and 63 s extracted from the videos as the UWPI results in the water-and glycerin-immersed plates, respectively. Since the proposed system was designed with both remote excitation and sensing laser beams capable of penetrating the liquid, the UWPI results were successfully obtained. All the freeze-frames in Figures 5-7 were taken at the moments when the maximum ultrasonic amplitudes at the crack location appeared. As a result, it has been verified that the velocity of wave propagation was reduced in the immersed plates, due to the high densities of the surrounding fluid (air = 1 kg/m 3 , water = 1,000 kg/m 3 , and glycerin = 1,258 kg/m 3 ). In addition, as shown in Figures 6  and 7 , including the results for different depth ( ) of the liquid, such as 10 mm, 40 mm, and 70 mm, the propagation time was not affected by the tested depth of the water. In other words, even 10 mm deep surrounding liquid can be considered as an infinite surrounding medium.
In addition to the successful UWPI in the submerged specimens, the back surface crack that the water-or glycerinimmersed specimen encompasses was visualized in the form of sudden phase change and high peak-to-peak amplitude at the crack location, (50, 50), in the freeze-frames of Figures 7 and 8, respectively. However, in contrast to the free plate, a low SNR problem was identified in the immersed conditions, because of the effect of the surrounding liquid. As studied in Section 2.2, the surrounding liquid caused leaky Lamb wave occurrence. As concluded in Figures 6 and 7, the energy losses within the liquid of excitation and the sensing laser beams themselves were negligible, because when the depth of liquid was increased, the SNR did not change considerably. For this reason, repeat scanning technology [11] was implemented in the proposed system for the submerged structural inspection, to increase the SNRs to be similar to the SNR level in the structure in air. The repeat scanning technique can play an important role in realworld submerged structural inspection. In the experiments, the scanning area was repeatedly scanned 10 times. The ten signals obtained at each scanning grid point were averaged, and the averaged waveforms were used as the input data for the UWPI algorithm [12] to generate the ultrasonic wave propagation video clips.
As compared between Figures 6(a) and 8(b) and between Figures 7(a) and 8(c) , the respective SNRs under the water-and glycerin-immersed plate conditions were highly improved. The SNR changes before and after the repeat scanning are summarized in Table 1 , where the SNR was evaluated in the way presented in Figure 9 . On the other hand, the SNR improvement in the free plate by repeat scanning was not considerable, because the original raw signals already had low noise level. As compared between Figures 5, 8(b) , and 8(c), the repeat scanning now made the SNRs in the water-and glycerin-immersed plate conditions reach similar levels to that in the free plate. Figure 10 shows the amplitude distributions along the wavefront (s-axis) at the moments of the maximum ultrasonic amplitude in the crack location, as indicated in Figure 8 . And, the s-axis is formed along the same distance from the sensor location. The artificial crack length of 12 mm was estimated at 11.54 mm in the free plate, as shown in Figure 10 (a). As also presented in Figures 10(b) and 10(c) , the 12 mm long crack was evaluated by the proposed system as 11.29 mm in the water-immersed plate and 10.87 mm in the glycerin-immersed plate. These results were represented by two standard deviations away from the noise mean. Figure 8 shows the spatial domain freeze-frames of the UWPI videos, while Figure 11 Since the UWPI freeze-frames of Figures 5-7 show the moments of the maximum ultrasonic amplitudes at the crack location, the freezing times also imply the relative ultrasonic time-of-flights in the free plate and water-and glycerin-immersed plates, respectively. This information was used to calculate the experimental group velocities for the three different cases, which were determined at 2.35 m/ms, 1.82 m/ms, and 1.72 m/ms, respectively. This result was comparable to the theoretical results in the wave dispersion curves depicted in Figure 2 where the central frequency for each case was estimated based on fast Fourier transform and Hilbert transform as shown in Figure 11 (b). The theoretical group velocities at the 44 kHz for the free plate, 60 kHz for the water immersion, and 44 kHz for the glycerin immersion stood at 2.32 m/ms, 1.90 m/ms, and 1.69 m/ms, respectively.
Conclusion
In this paper, a noncontact laser UPI system for submerged structural crack visualization was proposed. A 532 nm Q-switched solid-state laser and a 633 nm laser Doppler vibrometer were integrated into the system, for remote excitation and sensing, respectively. The tested specimen was an aluminum plate with dimensions of 400 mm × 400 mm × 3 mm, which encompassed a back surface crack of 12 mm × 1 mm × 2 mm in the middle of the plate. Three cases were studied: free plate, water-immersed plate, and glycerinimmersed plate. First, theoretical wave dispersion curves were plotted, to understand the theoretical difference between the free and immersed plates. Then, wave propagation imaging for the submerged plates was successfully performed by the proposed system, where a laser mirror scanner and LDV were used for excitation laser scanning and noncontact sensing. The detected waves in the immersed plates showed delays in arrival time and reduction in amplitude, compared to the free plate, because of the surrounding liquid. In addition, the SNR was deteriorated in the submerged plates, because of the leaky Lamb wave. Therefore, the repeat scanning technique was incorporated into the system, to increase SNR up to a similar level to the single scan of the free plate and to prepare for real-world application that would involve more complex and thicker immersed structures. Finally, the proposed system successfully visualized the wave propagation and showed damage evaluation capability for the submerged structural back surface crack. The 2 mm deep and 12 mm long back surface crack was evaluated by the proposed system as 11.29 mm in the water-immersed plate and 10.87 mm in the glycerin-immersed plate.
